In this paper a nonlinear control design for power balancing in networked microgrids using energy storage devices is presented. Each microgrid is considered to be interfaced to the distribution feeder though a solid-state transformer (SST). The internal duty cycle based controllers of each SST ensures stable regulation of power commands during normal operation. But problem arises when a sudden change in load or generation occurs in any microgrid in a completely unpredicted way in between the time instants at which the SSTs receive their power setpoints. In such a case, the energy storage unit in that microgrid must produce or absorb the deficit power. The challenge lies in designing a suitable regulator for this purpose owing to the nonlinearity of the battery model and its coupling with the nonlinear SST dynamics. We design an input-output linearization based controller, and show that it guarantees closed-loop stability for either the autonomous operation of a SST or co-operative operation between SSTs, in which each SST assist a given SST whose storage capacity is insufficient to serve the unpredicted load. The design is verified using the IEEE 34bus distribution system with nine SST-driven microgrids.
I. INTRODUCTION
In recent years power engineers have started visiting the concept of networked microgrids [1] , where individual microgrids are coordinated to create convenient electrical topologies that guarantee reliable flow of power from one part of the grid to another, especially during emergency scenarios. An excellent resource for sensing and controlling such power flows is a solid-state transformers (SST) [2] . A schematic diagram of a radially networked microgrid, where each individual microgrid is interfaced with the distribution feeder through a SST, is shown in Fig 1. The SST consists of three power electronic converter stages-namely, rectifier, dual-active bridge, and inverter, which in turn are connected to AC and DC generators (for example, wind and solar PV), AC and DC loads, and most importantly a DC energy storage. The circuit diagram of a SST with these three stages is shown in Fig. 2 .
Power balancing mechanisms for these types of networked systems typically consist of two steps. First, a supervisory controller, commonly referred to as an intelligent energy management (IEM) at the distribution substation, predicts the load for each microgrid fifteen to twenty minutes ahead of time, solves power flow, and generates the voltage and current setpoints for each SST. When the loads change at the scheduled instants of time, the internal duty cycle based controller in the rectifier circuit of the SST (referred to as an intelligent power management (IPM) controller) gets triggered, and drives the steady-state voltages and currents to the respective setpoints using available power generation from wind and solar PV. A challenge, however, arises when any load changes significantly in between the scheduled instants of IEM commands in an unforeseen and unpredicted way. In such a case, the battery of the SST must instantaneously trigger to produce or absorb the deficit power. Appropriate control systems with fast tracking properties need to be designed for this purpose. While papers as [3] , [4] in recent literature have reported such battery controls, most of them are based on simplified linear models of batteries that lack analytical guarantees of stability margins that can be achieved in realistic nonlinear models. Moreover, when the energy storage system is connected to the rest of the microgrid, the nonlinear dynamics coupling both may be a source of instability as well. Therefore, stable operation of the entire microgrid needs to be demonstrated. The problem becomes more complicated when multiple microgrids need to coordinate to serve a given SST whose storage capacity is insufficient.
In this paper, a nonlinear control design is proposed for solving this problem. Each energy storage unit is operated in controlled-current mode with its reference current set such that the deficit power between generation and load is driven to zero autonomously within each microgrid, thereby maintaining power balance in the network.When the deficit cannot be autonomously supported, balance is maintained collectively via co-ordination between the battery controllers.Furthermore, the controller is based on the input-output linearization method [5] . This control technique allows us to achieve an exponentially converging tracking error. It is shown that the system, however, is not completely input-output feedback linearizable as a result of which the stability of the residual dynamics needs to be established. It is proved that the currents and the voltages of the SST remain bounded while the tracking error goes to zero. The margin for the stable operation of each storage unit is provided. Finally, the stability proof is extended to the multiple SST case. To validate the approach, cooperative scenario is considered, enabled by a reported power sharing algorithm determining the setpoint at which each SST has to operate. The rest of the paper is structured as follows. In Section II, the model of a SST driven microgrid is provided. In Section III, the proposed battery controller is derived. The stable closed-loop operation is proven. In Section IV, simulation results are provided using a nine-SST distribution system. Conclusions are drawn in Section V.
II. MICROGRID MODEL OF THE SST-DRIVEN SYSTEM
The microgrid model is interfaced with the distribution feeder through a SST ( Fig. 1 ). We consider operation of the microgrid in grid-connected mode, whereby the d and q axes voltages of the grid v d and v q act as excitation sources for the SST circuit, as shown in Fig. 2 . Each SST consists of a front-end rectifier stage, which converts high voltage AC to high voltage DC, a dual-active bridge (DAB) stage, which converts high DC voltage to a low DC voltage to be used for DC distribution segment, and a voltage-source inverter, which converts low DC voltage to low single-phase AC voltage to be used for AC distribution segments [2] . The rectifier is responsible for maintaining the high voltage (HV) DC.The DAB converter regulates the low voltage (LV) DC bus. Wind power generators, solar/photovoltaic generators, loads, and an energy storage unit are assumed to be connected at the back-end of the SST. Since storage will always be connected to the DC bus, the inverter stage of the SST is not considered in the present study. The network consists of n microgrids connected over a radial topology.
We next recall the model for each SST stage, keeping details to only as much as we would need to design our controller in Section III. 
A. Rectifier
The dq-dynamics of the rectifier in the i th SST are 1
and
The physical meanings of all the states and parameters are listed in Table I . Here, v d g and v q g are the d-axis and q-axis input grid voltage, z i = r i +jx i is the line impedance linking the i th SST to its aforegoing neighbor (see Fig. 1 ).
B. Dual Active Bridge Converter
The second stage of a SST is the dual-active bridge (DAB) DC-DC converter. A controller is used to regulate the output voltage of the DAB to its desired value by controlling the phase shift via switching of two H-bridges [6] . The statespace representation of this stage can be written aṡ
(13) The control input for DAB is the phase shift ratio φ si , designed using a PI controller as
C. DC Distributed Renewable Energy Sources
The wind and solar generators in the DC bus are modeled as sources I w (t) and I pv (t) as shown in Fig 2. The load is modeled as a constant current I l (t). Details on modelling of renewable sources in a SST-based microgrid appear in [7] .
D. DC Distributed Energy Storage Devices (DESD)
A DESD is made of two interconnected units: a battery energy storage and an interfacing power converter. The battery is a complex electrochemical system whose equivalent electrical circuit models are widely available in the literature (see for example [8] and the references therein). Since, the battery can consume or dispatch power, a bidirectional DC-DC converter is needed to integrate the storage to the DC bus. The DAB converter in (11)-(12) can be used for this task. The resulting DESD system is depicted in Fig. 3 . Its model equations arė
and φ b is the phase shift ratio which acts as the control input of the converter. The input signal φ b ∈ [−1, 1], i.e., it has a limited range of operation. Equations (15)-(17) denote the DESD model for the i th SST, but for simplicity we have dropped the subscript i. This slight abuse of notation will be followed in the forthcoming sections also whenever the subscript is clear from the context to avoid overuse of notations.
The current I b in Fig. 3 can be written as
The battery voltage v b is always positive. In fact, the battery management system (BMS) supervises the appropriate operation of the battery currents and voltages. Protection hardware limits the battery operation to avoid damage of the equipment when is required by the BMS. Thus, for the rest of the paper we make the following practical assumption:
In the following sections, an isolated DC-DC converter will be used as the interfacing device between the voltage v l and the voltage of the DC-link for simplicity. An analogous control design and stability proof can be derived if a nonisolated converter is used.
III. DESD CONTROL DESIGN AND STABILITY PROOF
A schematic digram for the operation of the overall networked microgrid is shown in Fig. 4 . In practice, a supervisory controller predicts the load for each microgrid 15-20 minutes ahead of time, solves power flow, and generates the power setpoints P rec for each SST. However, problem arises when an unpredicted load change occurs in between the scheduled instants. When that happens, the storage unit of the SST must trigger to produce or absorb the deficit power so that the power balance is maintained. The setpoints in this case are calculated in accordance with the capacity of every storage unit from a power sharing algorithm. Examples of such algorithms are found in [9] .
By regulating I dab , the proposed design permits to control the power flow between the microgrid and the transmission grid. Once P rec is scheduled by the power sharing algorithm, the control objective is to regulate the DC grid current I dab to
This function is denoted as the 'F(·)' block in Fig. 4 . Using KCL from Fig. 2 , i.e., the interconnected dynamic system (1)-(17) for i = 1, .., n-see Section III-C.
A. Control design
The controller design is presented in this section based on input-output (partial) linearization [5] . As a first step, we define the tracking error δ
Then, using (16) the time-derivative of δ iṡ
To assign an exponentially convergent error in closed-loop, the right-hand side of the last expression is equated to a
where (free) gain κ p > 0. Doing so, one gets 1
From the last equation
where the expression forv l follows from the RHS of (12).
Note that although u b is chosen as the designable control input in (25), the actual control input to the system is the phase shift φ b . Thus, with u d as in (25), it is necessary to obtain the inverse mapping of (17). Since the duty cycle u b is always bounded within [−1, 1], from the quadratic equation (17) it follows that φ b is given by the piecewise function
B. Stability of the DESD system
Note that the DESD system (15)-(16) has relative degree one with respect to δ, i.e., the system is not fully feedback linearizable. Therefore, stability of the residual dynamics needs to be proven. This is addressed in the next proposition. Before proceeding, we make the following practical assumption.
Assumption 2: Signals I r b andİ r b are bounded and, for any operation around the equilibrium point, v l and ϕ v l are also bounded for all t ≥ 0. Boundedness of v l and ϕ v l will follow from the stability proof of the multi-SST system, provided in Section III-C. At this point this is taken as an assumption to proceed with Proposition 1. Boundedness of the generation and load currents I w , I pv and I l follows from the physics of power electronic converters. Thus, using (21), I r b is also bounded. Finally, since high frequencies in I r b are filtered out when implementing (see Fig. 6 ), it is reasonable to considerİ r b to be bounded as well. This fact will also be testified in our simulations.
Proposition 1: Consider the system (15)-(16) in closedloop with (25). Define
Then, P1. The tracking error δ is exponentially stable with
P2. There exists a bound |p(t)| ≤ p max such that for all initial conditions
and n b such that
Proof. The closed-loop system is formed by the error dynamics together with (16) taking u b as in (25). Thus,
Since (28) is decoupled from (29), P1 immediately follows. Next, using (23) one can conclude boundedness of v o and, from Assumption 2, the existence of bound p max in p(t).
For 
Now, consider the following two modelṡ
For all v min (0) > v (1) min , v min (t) remains positive and converges to v (2) min . In the same way, for all v max (0) > 0, v max (t) stays positive and converges to v rin v in is bounded and, thus, v in is also bounded. The controller implementation diagram is shown in Fig. 6 . Notice that, to calculate I r b , measurements of currents I dab and I b are required. As mentioned, the signal I r b is passed through a low-pass filter to eliminate noise. The phase shift then follows from (26). Also, bounds (27) in Proposition 1 imply that by choosing appropriately the system parameters n b , L b and f b , the control input φ b can be ensured to be unsaturated. The parameters can be chosen by the designer to enhance the transient performance of the battery states.
C. Stability of the n-SST System
We next extend the stability proof to a n-SST network where n ≥ 1, considering the complete dynamics for each SST. The second harmonics on the v f i -dynamics (3) are neglected as their impact on the steady-state value of the voltage is small. Also, since we are primarily interested in the fundamental frequency response, the v f i -dynamics is approximated tȯ
Using (22) and the definition of δ, we rewrite (12) in the equivalent forṁ
The closed-loop is then given by equations (1), (2), (34), (4)-(6), (11), (35) and (28)-(29). A block diagram representation is showed in Fig. 7 . As it can be seen that the closedloop admits a (double) cascade representation. The cascaded system Σ 1 − Σ 2 is given by ż
where the function γ : R 9n → R 9n accounts for the nonlinearities of the rectifier, DAB converter and controllers. Also, z = [z 1 · · · z n ] ∈ R 9n . The constant vector α c ∈ R 8n contains the controller gains. The subvectors
] ∈ R 9n×n and K p = diag(− κp1 ro1Con , · · · , − κpn ronCon ) ∈ R n×n . The vector v j ∈ R 9n denotes the Euclidean basis with its jth-element equal to one. The linearization of (36) is δ ż where Γ ∈ R 9n×9n is the Jacobian Γ = ∂γ(z) ∂z | z=z , with z the equilibrium point of z. Note that the eigenvalues of (37) are eig{Γ} ∪ {− κp1 ro1Co1 , · · · , − κpn ron,Con }. Thus, if every PI gain (i.e., vector α c ) is selected such that Re[eig{Γ}] < 0, then the closed-loop system of interconnected n SST-driven microgrids (1)-(17) will be locally asymptotically stable.
Block Σ 3 in Fig. 7 corresponds to the voltage v inidynamics (i = 1, · · · , n) introduced in (29). From stability of the cascade Σ 1 − Σ 2 , it follows that functions p i (i.e. the inputs to Block Σ 3 ), the inputs of Block Σ 3 , are bounded. The latter validates Assumption 2. Thus, from Proposition 1 the overall closed-loop system is stable.
IV. NUMERICAL VALIDATION
Change in load currents can be categorized into two scenarios. The first scenario happens when the change is small enough so that |I r b | ≤ I max b , i.e., the battery current magnitude of I r b needed for the slack is less than the maximum capacity of the battery. This case yields an autonomous operation meaning that the SST whose load changed can compensate for the power deficit all by itself without requiring any help from neighboring SSTs. If the load change is so high that |I r b | ≥ I max b
, then other SSTs in the network need to be used to support the deficit. The control action will still remain decentralized, but the computation of the voltage and current setpoints for the m th SST-the SST whose load changed-will now depend on the rest of the SSTs. The way to implement this can be as follows. The inability of the m th SST in supporting its new load is detected and, consequently, the setpoints P reci of every SST, i = 1, .., n, are overwritten to enable power sharing a cooperative way. Subsequently, the corresponding current setpoints I dabi are updated according to (19) . For any iteration, P reci must satisfy the SST power balance equation
where each node voltage v di and v qi depends on the other d and q-axis SST currents-see (7)- (8) . Thus, any change in i di or v di in one of the SST in the network will also impact the others. The power sharing method is taken from [9] to validate our approach. It enables multi-SST cooperation, properly updating i di , i qi , v di and v qi . Roughly speaking, in this method, when there is a load change in the m th SST that cannot be supported by its local storage, other SSTs assist without changing its input current. Only the input voltages v d and v q of all the SSTs are updated to a new value. Updates of P reci , I dabi are calculated from (19). Then, each battery current is then regulated such that I dabi = I dabi in steady-state. 
A. Simulation Results
The simulation system consists of a radial 9-bus distribution feeder model containing one SST at each bus. The tie-line impedances of this model, which are based on the IEEE 34-bus distribution system, are: Z 01 = 0.653 + j0.651, Z 12 = 0.438 + j0.437, Z 23 = 8.16 + j8.14, Z 34 = 9.49 + j9.47, Z 45 = 7.53 + j7.51, Z 56 = 0.0037 + j0.0027, Z 56 = 0.0037 + j0.0027, Z 67 = 0.906 + j0.481, Z 78 = 25.52 + j13.546, Z 89 = 7.284 + j13.865. The SST models and parameters are based on the GEN-II SST model [11] .
1) Autonomous operation: Randomness is added to the loads and the current sources to model the fluctuations in wind and solar generation. The simulation starts with a nominal load of 1 kW at time t = 0 in SST1 and SST3 to SST7. SST2 starts with 10 kW and SST8 and SST9 with −1 kW. Load and renewable generation are changed in all the SSTs except for SST3, SST5, SST7 and SST9. The storage current response and its reference I r b are shown in Fig. 8a for SST1-SST3. Similar responses were observed for SST4-SST9 as well. Also, the current I b is seen to be always less than its upper limit I max b = 50 A, as expected.
2) Cooperative Operation: The wind and PV currents are kept constant for all the SSTs till t 0 = 0.6 s. Thereafter, a sudden load change of 0.5 kW in the net power is induced at t 0 = 0.6 s in SST5 which drives the magnitude of I r b to exceed I max b set at 12 A. Subsequently, I r b gets updated for all the SSTs. The battery current I b follows from there, as shown in Fig. 8b . The ripples present in the response of I b is due to the second harmonics of the rectifier output voltage (3) that also impact the output voltage v l because of the battery interface into the DC bus. Note that the ripples are very small in magnitude and within a range of 0.001% − 0.005%. The convergence times of the SST currents is around 0.05 s. A list of setpoints P rec is given in Table II. V. CONCLUSION This paper develops a nonlinear control framework for controlling storage devices in networked microgrids considering the intermittent behavior of renewable energy sources and loads. The controller can be implemented in a completely decentralized way using local output feedback only. Results are verified using IEEE prototype distribution feeder models. Future work along this direction will include extension of these results under various cyber-physical uncertainties in SST-to-SST communication. 
